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METHANE MIGRATION CHARACTERISTICS 
OF T H E  POCAHONTAS NO. 3 COALBED 
by 
Fred N. K i sse l l  ' 
ABSTRACT 
Methane-flow and pressure d a t a  taken from a mine i n  the  Pocahontas No. 3 
coalbed a r e  compared wi th  flow r a t e s  from lump coal  obtained i n  labora tory  
experiments. From t h i s ,  i t  i s  concluded t h a t  the  main source of gas i s  the  
i n t a c t  coalbed r a t h e r  than a "crushed zone" near  the  working face.  The 
permeabil i ty and so rp t ion  capaci ty  of the  i n t a c t  coalbed a r e  ca lcu la t ed  and 
gas emission r a t e s  a r e  t h e o r e t i c a l l y  accounted fo r .  
INTRODUCTION 
The Bureau of Mines has been concerned wi th  the necess i ty  of pinpoint ing 
the  source of methane i n  coa l  mines, i f  preventive techniques a r e  to  be used 
t o  c o n t r o l  methane emission. Various workers (lo, 13) , p a r t i c u l a r l y  i n  
Europe, have hypothesized t h a t  much of the  methane emit ted a t  the  longwall 
working face  o r i g i n a t e s  i n  a high-permeabil i ty relaxed o r  f r a c t u r e  zone, which 
extends i n t o  the  coal  being worked and a l s o  i n t o  adjacent  s t r a t a .  Frac tur ing  
i n  the  coal  being worked takes place because increased s t r e s s  l e v e l s  r e s u l t i n g  
from the  removal of ad jacent  coal  have exceeded the compressive s t r eng th  of 
coal  i n  the  zone, p a r t i a l l y  crushing i t  and increas ing  i t s  permeability.  
Frac tur ing  i n  the  adjacent  s t r a t a  takes place because of caving. Although a 
l a r g e  quan t i ty  of  methane may be s to red  i n  c o a l ,  f requent ly  under high pres-  
s u r e ,  t he  permeabil i ty of an undisturbed coalbed may be q u i t e  low and the  gas 
does no t  flow f r e e l y  t o  the  working areas .  However, crushing the  coal  g r e a t l y  
increases  i t s  permeabil i ty so  the  gas i n  the  crushed zone flows e a s i l y  i n t o  
the  mine. 
On t h e  o the r  hand, Cervik (2) implies  t h a t  a source of methane i n  
U.S. mines i s  i n  t h e  i n t a c t  coa l  beyond the crushed zone. This seems t o  be 
a l i k e l y  hypothesis  because most U.S. coals  a r e  mined a t  shallower de,pths than 
European coa l s .  Because U.S. mines a r e  shal lower,  t h e  ground pressure  i s  l e s s  
and the  crushed zone may be l e s s  extensive.  The ,permeability of the  undis-  
turbed coalbed may be considerably h igher ,  given the  enormous changes i n  
l p h y s i c a l  research  s c i e n t i s t .  
"underlined numbers i n  parentheses r e f e r  t o  items i n  the  l i s t  of re ferences  
preceding the  appendixes. 
permeabil i ty  shown i n  l abora to ry  permeabi l i ty-s t ress  experiments wi th  coal .  
Also, t h e  roof i s  no t  immediately caved. 
That some bas i c  d i f f e r e n c e  i n  the  source of methane may e x i s t  whi le  
mining, U. S. coalbeds and those i n  Europe have never been subjec ted  t o  exper i -  
mental t e s t .  It i s  t h e  i n t e n t  of t h i s  r e p o r t  t o  a s c e r t a i n  i f  a coalbed 
crushed zone r e a l l y  e x i s t s  whi le  mining by t h e  advancing room-and-pillar 
method i n  the  Pocahontas No. 3 coalbed, and whether the  main source of 
methane is  i n  t h i s  zone o r  i n  t h e  unmined and i n t a c t  coa l  ad jacent  t o  i t .  
A t  t he  same time, an attempt w i l l  be made t o  expla in  t h e o r e t i c a l l y  the  gas 
flow r a t e s  observed i n  a working mine i n  terms of what is known about the  
desorpt ion  and flow c h a r a c t e r i s t i c s  of Pocahontas No. 3 coal .  
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EVIDENCE FOR THE CRUSHED ZONE 
The Bureau of Mines has been engaged i n  a program of d r i l l i n g  deep 
h o r i z o n t a l  holes  i n t o  coalbeds,  packing them wi th  i n f l a t a b l e  packers,  and 
measuring gas pressures .  I n  c o n t r a s t  t o  r e s u l t s  obtained by Gunther (4) , 
t h e  packers gene ra l ly  have succeeded i n  s e a l i n g  the  ho le  e f f e c t i v e l y ;  a l s o ,  
t h e  seam permeabil i ty  always has been high enough t o  in su re  t h a t  the  pressure 
measured was a t r u e  equi l ibr ium pressure- - tha t  i s ,  i t  gives a t r u e  ind ica t ion  
of t h e  a c t u a l  gas pressure  i n  the  f r ac tu res .  
A curve of gas pressure  versus depth i n  a ho r i zon ta l  ho le  i n  t h e  
Pocahontas No. 3 coalbed is  shown i n  f i g u r e  1, along wi th  the  curve t h a t  might 
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be expected i f  the  coalbed 
had a cons tant  permeabil i ty .  
It is  c l e a r  from inspec t ion  
of these  curves t h a t  a zone 
of sha rp ly  increased perme- 
a b i l i t y  is i n  approximately 
the  f i r s t  10 f t .  This is  
the  crushed zone. 
THE SOURCE OF METHANE DURING 
IDLE PERIODS 
The r o l e  of  t he  crushed 
zone i n  con t r ibu t ing  t o  gas 
flow is  most e a s i l y  assessed 
10 20 3 0  40 50 60 70 8 0  by comparing labora tory  flow 
DISTANCE INTO SEAM FROM FACE, f t  r a t e s  from lump coal  with 
those measured a t  a working 
f ace  i n  a mine when the  mine 
FIGURE 1. - A Pressure Curve. is  i d l e .  It  i s  assumed t h a t  
t h e  coa l  i n  t h e  crushed zone simply c o n s i s t s  of a  l a r g e  q u a n t i t y  of desorbing 
lumps and, because of t he  high permeabi l i ty  of t h e  zone, gas flow t o  the  f ace  
a r e a  i s  unimpeded. I f  t h e  flow r a t e  per ton  of  coa l  observed i n  t h e  l abo ra -  
t o r y  i s  equal  t o  o r  exceeds t h a t  from a working f ace  dur ing  an i d l e  per iod 
when ope ra t ion  of  t he  mining machine does n o t  c o n t r i b u t e  t o  t he  gas flow, 
then t h i s  would be s t r o n g  evidence t h a t  t h e  crushed zone is  i n  f a c t  t h e  main 
source  of  gas.  On t h e  o t h e r  hand, i f  t h e  l abo ra to ry  flow r a t e  f a l l s  s h o r t  
of  t h e  gas flow from t h e  working f ace ,  then an a d d i t i o n a l  source  of gas i n  t he  
mine i s  ind ica t ed .  
Resu l t s  From the  Laboratory-Desorption Rates From Lumps 
Recent work on t h e  deso rp t ion  of methane from lump coa l  i n  t h e  l abo ra to ry  
has been done by Airey (1) .  He found t h a t  t h e  room temperature deso rp t ion  of 
methane from lump coa l  fol lows the  empir ica l  formula 
where V( t )  i s  t h e  amount of  methane desorbed i n  time t ,  and A and to a r e  con- 
s t a n t s  dependent on i n i t i a l  p ressure  and lump s i z e ,  r e s p e c t i v e l y .  A t h e o r e t -  
i c a l  e s t ima t ion  of  flow r a t e  based on unsteadly-state  Darcy flow from a t h i n  
s l a b  was no t  a  good f i t  t o  t h i s  equat ion ,  and a  more accu ra t e  f i t  could be 
obta ined  by assuming t h a t  a  d i s t r i b u t i o n  of  s , lab th icknesses  e x i s t e d  w i t h i n  
a  given s l a b .  Airey a l s o  found t h a t  t h e  para.meter to va r i ed  d i r e c t l y  w i th  
lump s i z e  f o r  sma l l e r  lumps, but t h a t  f o r  l a r g e r  s i z e s  t h e  v a r i a t i o n  of to 
wi th  s i z e  i s  cons iderably  l e s s .  This was t o  be expected because i t  is  known 
t h a t  c o a l  has a  bas i c  s t r u c t u r e  of f i n e  cracks and t h a t  l a r g e r  lumps always 
con ta in  numerous f r a c t u r e s .  Because l a r g e  lumps have smal le r  v a r i a t i o n  of 
to wi th  s i z e ,  t h e  deso rp t ion  curves of  l a r g e  lumps a r e  much l e s s  a f f e c t e d  by 
s i z e .  Figure 2 shows a  deso rp t ion  curve by Airey f o r  k- t o  %-in  s i z e  range 
coa l  and a l s o  a  deso rp t ion  curve f o r  6 -  t o  12- in  s i z e  range coa l  based on an 
e x t r a p o l a t i o n  of  h i s  parameter to .  It may be seen t h a t  f o r  t h e  75- t o  
325-hour per iod ,  t he  d i f f e r e n c e  i n  t he  amount desorbed i s  about 25 f t 3  per 
ton;  however, t h e  r a t e s  of emission i n  cubic  f e e t  per ton-hour f o r  t he  two 
s i z e  ranges a r e  very s i m i l a r .  
The room temperature deso rp t ion  r a t e  of k- t o  %-in  s i z e  Pocahontas No. 3  
coa l  has  been measured by t h e  Bureau of  Mines ( f i g .  2).  Despi te  t he  f a c t  t h a t  
t he  t o t a l  amount of  gas desorbed i s  g r e a t e r  than t h a t  f o r  t h e  coa l  used by 
A i r e ~ , ~  t h e emission r a t e ,  0.3 f t 3  per ton-hr ,  between 75 and 325 hours i s  
s i m i l a r  . Pre l iminary  r e s u l t s  on l a r g e r  Pocahontas c o a l  i n d i c a t e  a  s i m i l a r  
3To some e x t e n t  t h e  amount desorbed i s  g r e a t e r  because Perkins used dry  
c o a l ,  which is  known t o  have g r e a t e r  capac i ty  f o r  absorbing methane 
than moist  coa l .  The e f f e c t  of mois ture  on the  lump emission r a t e  is 
no t  known, but  more than l i k e l y  i t  would be reduced. 
0 6 in-12 in size coal (extrapolated) 
No. 3 seam (Perkins) 
Initial pressure = 20 atm 
Final pressure = I atm 
- 
- 
I I I 1 
emission r a t e .  Because of 
t h i s ,  i t  can be assumed t h a t  
t he  lump emission r a t e  may 
be compared d i r e c t l y  with 
flow r a t e s  from a hypothet- 
i c a l  crushed zone where t h e  
coa l  f a l l s  w i t h i n  a  s i z e  
range of t o  12 i n ,  pro- 
vided the  time per iod ,  
i n i t i a l  p re s su res ,  and 
coal  a r e  a l l  s i m i l a r .  
Resul t s  From t h e  Mine 
Some methane flow d a t a  
were obta ined  r e c e n t l y  i n  
t h e  Bea t r i ce  mine. This 
mine, operated i n  the  
Pocahontas No. 3 coalbed, 
is loca ted  near  Keen Moun- 
t a i n ,  Va. Unit No. 7,  
s e c t i o n  3d North, where flow 
measurements were taken,  i s  
being worked by the  advanc- 
ing room-and-pillar method. 
The overburden he re  i s  
approximately 2,000 f t  
u 
0 1 00 2 00 300 th ick .  Anemometers and 
Time t, hr 
400 500 recording  methanometers 
s e t  up i n  the  in t ake  and 
r e t u r n  airways were used 
t o  ob ta in  the  methane flow 
FIGURE 2. - Desorption Curves for Coal.  from the  f ace  area .  
Mining stopped on June 26, 1970, f o r  2 weeks. Figure 3 shows the  flow 
r a t e  dur ing  t h i s  i d l e  period as  w e l l  a s  t he  flow before and a f t e r  i d l eness  
when mining was i n  progress .  The 75- t o  325-hour period s e l e c t e d  above 
corresponds t o  the  i n t e r v a l  from June 29 t o  J u l y  10. During t h i s  time 
t h e  methane flow from t h e  face  a r e a  averaged about 74 cfm and the  t o t a l  
v a r i a t i o n  was about 213 percent .  
The f ace  a rea  i n  t h i s  s e c t i o n  was 2,400 f t 2 ,  and a  crushed zone 10 f t  
wide would conta in  970 tons of coa l .  I f  t h e  labora tory  flow r a t e  obtained 
by Perkins between 75 and 325 h r  i s  appl ied  t o  t h i s  970 tons of coa l ,  t h e  
t h e o r e t i c a l  flow r a t e  i s  5 cfm. This i s  much l e s s  than  the  74 cfm observed 
i n  the  mine dur ing  t h e  corres.ponding June 29 t o  J u l y  10 period. A wider 
crushed zone would produce more than 5 cfm, but  t h i s  i s  d i f f i c u l t  t o  
v i s u a l i z e .  Ca lcu la t ions ,g iven  i n  appendix C y i e l d  a  crushed zone thickness 
of 8.6 f t .  A zone 20 f t  t h i ck  would s t i l l  only  account f o r  10 cfm. Thicker 
zones would no t  permit t h e  s t e e p  g rad ien t s  shown i n  f i g u r e s  1 and 4 t o  e x i s t .  
A source o f  gas o the r  than  t h e  crushed zone is  indica ted .  
CALENDAR TIME, days 1 
F IGURE 3. - Methane F low From Face Area. 
During mining,  t h e  roof  and f l o o r  i n  th.e working f a c e  a r e a  were bo th  
i n t a c t ;  ve ry  l i t t l e  gas was i s s u i n g  from ad j acen t  s t r a t a .  It fo l lows  t h a t  t h e  
primary sou rce  o f  gas du r ing  t h e  i d l e  period. m u s t ' b e  behind t h e  crushed zone 
i n  t h e  undis  tu rbed  coalbed.  
1 ESTIMATION OF COALBED PERMEABILITY AND SORPTION CAPACITY 
Assuming t h e  primary sou rce  of  methane i n  t h i s  i d l e  mine i s  i n  t h e  
coalbed behind t h e  crushed zone, t h e  74-cfm flow r a t e  from f i g u r e  3 can be 
used t o  o b t a i n  t h e  coalbed pe rmeab i l i t y  and s o r p t i o n  c a p a c i t y  i f  a p r e s su re  
c u r v e  such  a s  f i g u r e  1 is  known. I n  f a c t ,  t h e  Bureau o f  Mines has  ob t a ined  
Ipressure  curves  from measurements i n  t h e  same s e c t i o n .  One taken  360 h r  
DISTANCE FROM FACE, f t  
FIGURE 4. - Pressure Versus Distance Taken 360 Hr After Mining. 
a f t e r  mining i s  shown i n  f i g u r e  4 .  From f i g u r e  4  a lone ,  t h e  r a t i o  
pe rmeab i l i t y  
may be e s t ima t ed  i f  i t  is  assumed t h a t  flow from t h e  
s o r p t i o n  c a p a c i t y  2 
coalbed fo l lows  t h e  Darcy equa t ion  f o r  u n s t e a d y - s t a t e  f low of  gases  (L-2, 8) 
The symbols a r e  shown i n  appendix A .  D e t a i l s  o f  t h e  c a l c u l a t i o n  a r e  shown i n  
K appendixes B and C and - = 0.57 m i l l i d a r c y  (md). 
S 
Next, t h e  pe rmeab i l i t y  K may be e s t ima t ed  inde.pendently u s i n g  t h e  s l o p e  
of  f i g u r e  4 a t  0  p s i g  and t h e  observed emiss ion o f  74 c h .  Th is  c a l c u l a t i o n  









The face was at this point 
during the idle period 
LEGEND 
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FIGURE 5. - Loca t ion  of Horizlontal Boreholes. 
K 
Since  bo th  - and K a r e  known, a  s o r p t i o n  capac i ty  S  of  0.56 may be ca l cu -  
S  
l a t e d .  This i s  much h igher  than coa l  po ros i t y ,  which mercury i n t r u s i o n  
s t u d i e s  (14) have shown t o  be around 5  o r  10 pct .  However, coa l  has  a  g r e a t  
c a p a c i t y  for adsorbing gas.  A t  650 p s i ,  1 g  of f i n e l y  powdered Pocahontas 
c o a l  can absorb a t  l e a s t  20 cm3 of  gas.  This  corresponds t o  a  s o r p t i o n  
c a p a c i t y  of 0.59, and thus  a  measured va lue  of  0.56 f o r  s o l i d  c o a l  i s  n o t  
unreasonable.  
It i s  poss ib l e  t o  o b t a i n  a  rough check on these  va lues  of  K and S  by 
c a l c u l a t i n g  the  expected emission from a  h o r i z o n t a l  borehole  d r i l l e d  i n t o  the  
working face .  During t h e  i d l e  per iod mentioned prev ious ly ,  s e v e r a l  ho l e s  
were d r i l l e d  h o r i z o n t a l l y  i n t o  t h e  c o a l  t o  d r a i n  ou t  methane ( f i g .  5 ) .  For a  
250-f t  h o l e  t h e  measured gas flow r a t e  ranged from 10,000 t o  15,000 f t 3  per 
day. The c a l c u l a t e d  flow us ing  K=0.32  md and S  =0.56 i s  shown i n  appendix D. 
It is  approximately 32,000 f t 3  per day. This is  reasonably c lose ,  considering 
how gross many of the  o r i g i n a l  assumptions are.* 
It is obvious t h a t  a l l  of the  numbers obtained a r e  very approximate. Gas 
flow ca lcu la t ions  f o r  coal  mines always w i l l  have some degree of e r r o r  because 
of the  d i f f i c u l t y  of incorporat ing a l l  the  re levant  var iables .  For example, 
i n  f igure  5 i t  may be seen t h a t  boreholes A and B on the  l e f t  s i d e  of the  face  
gave about twice the  methane emission r a t e  a s  boreholes C,  D ,  and E- on t h e  
r i g h t .  No q u a n t i t a t i v e  method e x i s t s  ye t  t o  evaluate the  geological  f ac to r s  
t h a t  cause t h i s  d i f ference .  
Although considerat ion of flows when the  mine i s  i d l e  allows ca lcu la t ion  
of coalbed p roper t i e s ,  a working mine is  of more i n t e r e s t .  Figure 6 shows the  
methane emission from the  face  a rea  during four typ ica l  mining cycles --two 
before and two a f t e r  the  i d l e  period. The curves a r e  i r r e g u l a r  because t h e  
machine was not  c u t t i n g  continuously. During mining, peak methane flows of 
200 t o  250 cfm were recorded regu la r ly  and occasionally increased t o  400 cfm. 
Several d i s t i n c t  f ea tu res  of the  curves i n  f igure  6 a r e  evident.  F i r s t ,  
the  background flow increases from t h e  average 74 cfm during the  i d l e  period 
t o  flows ranging from 90 t o  150 cfm o r  more, depending on whether mining i s  
being done a t  the  beginning o r  end of the  week. Second, t h e  operat ion of  the  
mining machine adds another 60 t o  120 cfm on top of t h i s  increased background. 
This considerably higher methane flow compared with t h a t  during the  i d l e  
period may be a t t r i b u t e d  t o  th ree  sources: 
1. Degradation a t  t h e  f ace  and subsequent emission from the  mined coal  
a s  i t  is c a r r i e d  away, 
2. Increased emission from t h e  high-permeability crushed zone as  it i s  
being advanced i n t o  regions of high gas pressure,  and 
3. Increased emission from the  i n t a c t  coalbed behind the  crushed zone 
because mining has advanced the  crushed zone and crea ted  a s t eeper  pressure  
gradient .  
The 60 t o  120 cfm over the  increased background flow may be a t t r i b u t e d  t o  
sources 1 and 2; t h a t  is ,  degradation a t  the  face  and advance of the  high- 
permeabil i ty crushed zone. On the  o ther  hand, the background increase  i t s e l f  
may be a t t r i b u t e d  t o  source 3. 
K 
4 1 t  i s  poss ib le  t h a t  i s  s l i g h t l y  l e s s  than the  0.57 md value given. One of 
the  holes  d r i l l e d  i n t o  the  face  ( f i g .  5 ,  hole X) a t  the  beginning of the 
i d l e  period was sea led  with i n f l a t a b l e  packers and the  pressure measured 
was 649 ps ig .  Twelve days l a t e r  ( s t i l l  during the  i d l e  period) the  pres-  
s u r e  had f a l l e n  only 13 psi.  Calculat ions s i m i l a r  to  those given i n  
K appendix B would i n d i c a t e  - = 0.4 md. This a l s o  would make the  ca lcu la ted  
S 
borehole flow r a t e  somewhat lower, and thus i n  b e t t e r  agreement with the  
measured values. 
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FIGURE 6. - Methane Flow From the Face Area During Cutting. 
Using these  t h r e e  sources a s  a  b a s i s ,  i t :  i s  poss ib le  t o  approximately 
account f o r  the  flow r a t e s  shown i n  f i g u r e  6 i n  terms of t h e  var ious  proper- 
t i e s  of the  coalbed; t h a t  i s ,  the  pressure curve shown i n  f i g u r e  4 ,  the  
desorpt ion  curve f o r  Pocahontas No. 3 coal  given i n  f i g u r e  2 ,  and t h e  
ca lcu la t ed  permeabil i ty and so rp t ion  capaci ty.  
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FIGURE 7. - Pressure Curves Before and After a Hypothetical 19-Ft  Advance. 
Source 3 may be e s t ima ted  a s  fol lows:  t he  average c u t  shown i n  f i g u r e  6 
y i e l d e d  about 50 tons of coa l .  This  r e s u l t s  from an advance of 19 f t  i n  a  
4-  by 1 6 - f t  heading.. Figure 7 i s  f i g u r e  4 redrawn t o  show t h e  e f f e c t  on t h e  
p re s su re  curve of  a  hypo the t i ca l  1 g 6 f t  advance. The s lope  a t  t h e  "pressure 
face" i nc reases  by a  f a c t o r  o f  1.6. Given t h e  same permeabi l i ty ,  0.32 md, 
t h e  flow from t h e  p re s su re  f a c e  would be about 74 x 1.6 = 120 cfm. Thus t h e  
coalbed behind t h e  crushed zone c o n t r i b u t e s  120 cfm. 
5The 1.6 i s  obta ined  by f i t t i n g  t h e  t h e o r e t i c a l  curve t o  t h e  hypo the t i ca l  
p ressure  curve a f t e r  a  1 9 - f t  advance. The procedure i s  t h e  same a s  t h a t  
K 
g iven  i n  appendix B f o r  t h e  curve i n  f i g u r e  4 ,  except  t h a t  - = 0.57 is  used 
S 
and t, i s  ca l cu l a t ed .  I n  t h i s  ca se ,  t, i s  n o t  t h e  time s i n c e  mining, but  
s imply becomes a  parameter.  Next, t h e  s l o p e  a t  t h e  pressure  f a c e  i s  ca lcu-  
l a t e d  us ing  t h e  equa t ions  d e t a i l e d  i n  appendix C. 
The c o n t r i b u t i o n  from sources land2(c leg rada t ion  a t  t h e  face  and advance 
of t h e  crushed zone) may be approximated a s  fol lows:  The a r e a  between t h e  
curves i n  f i g u r e  7 was i n t e g r a t e d  g r a p h i c a l l y  t o  o b t a i n  t h e  amount of gas t o  
be found i n  t h e  coa l .  It is  assumed t h a t  t h e  advance was made i n  1 h r ,  t h e  
s o r p t i o n  c a p a c i t y  of t h e  coa l  was t h e  value ob ta ined  prev ious ly ,  0.56, and 
t h a t  complete deso rp t ion  takes  place.  This g ives  an emission of 280 cfm. 
This  volume i s  cons iderab ly  h ighe r  than  t h e  60 t o  120 cfm emission r a t e  
a c t u a l l y  measured i n  t h e  mine. Most of t h e  e r r o r  probably i s  due t o  t h e  
assumption t h a t  complete deso rp t ion  occurs  i n  1 h r  (appendix B ) .  Data given 
by Airey (1) and Perkins  ( f i g .  2) would i n d i c a t e  t h a t  l a r g e r  lumps a r e  25 pc t  
desorbed i; 1 h r ,  and i f  t h i s  i s  c o r r e c t ,  an average emission o f  70 cfm would 
r e s u l t .  
A t  p resen t  t h e r e  i s  no way t o  s e p a r a t e  t h e  c o n t r i b u t i o n s  of sources  1 and 
2,  o r  t o  o b t a i n  a more accu ra t e  va lue  f o r  t h e  percentage desorbed wi thout  
a d d i t i o n a l  experimental  information.  
The r e s u l t s  f o r  a t y p i c a l  mining cyc l e  may be summarized a s  fol lows:  
Measured emission Est imated emission 
Source (from mine) ,  cfm ( t h e o r e t i c a l ) ,  cfm 
1. Degradation a t  f ace  
2. Advance of crushed I 60 t o  120 70 (assuming 25-pct zone deso rp t ion ) .  
3. Emission from seam 90 t o  150 120 
behind crushed zone 
It can be seen  t h a t  t h e  observed emission r a t e s  can be t h e o r e t i c a l l y  j u s t i f i e d  
t o  an approximate degree.  It appears  t h a t  dur ing  mining t h e  crushed zone 
p lays  a more important  r o l e ,  than  du r ing  t h e  i d l e  per iod ,  bu t  s t i l l  i s  n o t  
t h e  main source  of  gas.  
COMPARISON WITH OTIIER COALBEDS 
There i s  some evidence t h a t  t he  Pocahontas No. 3 coalbed may no t  be a s  
permeable a s  o t h e r  U.S. coalbeds.  Hor izonta l  boreholes  i n  t h e  P i t t sbu rgh  
bed have given gas  emission r a t e s  10 times h ighe r  than t h e  Pocahontas No. 3 
(g), even w i t h  a lower gas pressure .  Another s tudy  (9) has  shown t h a t  t h e  
i n c r e a s e  i n  methane emission r e s u l t i n g  from mining a f a c e  i n  t h e  P i t t sbu rgh  
bed i s  t y p i c a l l y  about 10 cfm. This i s  cons iderab ly  lower than t h e  measured 
60 t o  120 cfm shown from sources  1 and 2. It i s  l i k e l y  t h a t  t h e  permeabi l i ty  
of t h e  P i t t s b u r g h  bed is  cons iderab ly  h i g h e r ,  perhaps by a f a c t o r  of 50. 
Also t h e  crushed zone i s  l i k e l y  t o  be much l e s s  ex tens ive .  
CONCLUSIONS 
The va r ious  sources  of methane i n  t h e  Pocahontas NO. 3 coalbed have been 
es t imated  f o r  an advancing room-and-pillar--mining opera t ion .  Cons idera t ion  of  
gas  flows dur ing  2 weeks when t h e  mine was i d l e  a l low t h e  c a l c u l a t i o n  of t he  
coalbed permeabi l i ty  and s o r p t i o n  capac i ty*  Also,  i t  can be concluded t h a t  
t h e  crushed zone is  not  t h e  main source of gas ,  whether during mining o r  not.  
Even though t h e  r e s u l t s  a r e  r a t h e r  crude, the  analys is  never the less  provides 
a framework fo r  more d e t a i l e d  and more accura te  approximations i n  the fu ture .  
Even a t  t he  present  s t a t e ,  the  analys is  ind ica te s  what s o r t  of methane 
con t ro l  scheme i s  l i k e l y  t o  be successfu l  i n  t h i s  coalbed. For ins tance ,  t he  
low permeabil i ty obtained,  0.32 md, ind ica te s  t h a t  v e r t i c a l  we l l s  may not  
provide a very e f f i c i e n t  means of degasifying l a r g e  areas.  I t  ind ica te s  
t h a t  d r i l l i n g  hor i zon ta l  holes d i r e c t l y  i n t o  the  face  w i l l  be much more 
e f f e c t i v e  than d r i l l i n g  i n t o  j u s t  the ou t s ide  e n t r i e s  (5). Also, the  
ana lys i s  ind ica te s  t h a t  when the  mining machine i s  opera t ing  i n  t h i s  coalbed, 
the  major source of gas i s  wi th in  50 f t  of the  machine. 
It appears t h a t  Cervik 's  suggest ion t h a t  most of the methane i n  U.S. 
coalbeds comes from wi th in  t h e  i n t a c t  coalbed i s  p a r t l y  c o r r e c t  f o r  t h e  
Pocahontas No. 3 seam. H i s  suggest ion may be more c o r r e c t  f o r  o the r  beds 
such as  the  Pi t t sburgh coalbed. 
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APPENDIX A. --NOTATION 
P = pre s su re  (atm). 
Q = methane emi t t ed  (cm3). 
t = time ( s e c ) .  
= pre s su re  a t  which Q i s  measured (atrn). 
A = f a c e  a r e a  (cm2). 
1 = v i s c o s i t y  of methane (cp) .  
x = d i s t a n c e  i n t o  c o a l  seam from working f a c e  (cm). 
K = pe rmeab i l i t y  (darcy)  . 
= f a c e  g r a d i e n t  (2) 
= average p r e s su re  (atm). 
P ( x , t )  = pre s su re  i n  t h e  coalbed a t  po in t  x  and t ime t (atrn). 
P.e.. 
= gas p r e s su re  i n  t h e  undis tu rbed  bed (atrn). 
Xo = pre s su re  face .  
x~ 
= d i s t a n c e  from p re s su re  f a c e  t o  po in t  x  i n  seam = (x-xo) (cm). 
= t ime s i n c e  mining ( s e c ) .  
P = gas d e n s i t y  (5) 
= r a d i u s  o f  borehole  ( f t ) .  
r = dra inage  r a d i u s  of  borehole  ( f t ) .  
h  = l eng th  of  borehole  ( f t )  . 
S 
volume of  gas adsorbed per atmosphere 
= s o r p t i o n  c a p a c i t y  
t o t a l  volume of c o a l  
APPENDIX B.--CALCULATION OF PERMEA.BILITY AND SORPTION CAPACITY 
It i s  assumed t h a t  methane flow i n  the  coalbed follows the  uns teady-s ta te  
Darcy equat ion fo r  gas flow, and i t  i s  assumed t h a t  t he  bed is  a  homogeneous 
s e m i - i n f i n i t e  s l a b ;  t h e  end of  t h e  s l a b  being the  coa l  face. Before mining, 
the  s l a b  is  a t  uniform pressure  PI IeBm.  A t  the  time of mining, t h e  end of the  
s l a b  ( face)  i s  reduced t o  atmospheric pressure. 
It a l s o  i s  assumed t h a t  t h e  desorpt ion  from t h e  pore s t r u c t u r e  of t he  
coa l  i s  f a s t  compared wi th  the  time requi red  f o r  the  gas t o  flow t o  the face. 
The equat ion is  
and an approximate s o l u t i o n  i s  (8) - 
P2(x,t)-y2Beam = e r f c  1 
P2a t u -P28 e am 
where e r f c  s i g n i f i e s  complementary e r r o r  funct ion  and e r f c  = 1 minus t h e  
p robab i l i t y  i n t e g r a l .  Values of t he  probablili ty i n t e g r a l  may be obtained 
from s tandard  t ab le s .  
t, F K  
Also above, t, = dimensionless time = 
7 x ; s e  
K is  obtained by f i t t i n g  t h e  e r r o r  funct ion  curve t o  f i g u r e  4  using the  
S  
following values : 
tm = 360 hr .  
- 
P = 340 psia .  
e am = 680 ps i a .  
n = 0.012 cp. 
- 0.57 md. From t h i s ,  - 
S 
I n  f i g u r e  3 ,  x o =  8.6 f t .  The next  s t e p  is  the  c a l c u l a t i o n  of t he  
g rad ien t  a t  t h e  pressure  face. I f  t he  e r r o r  funct ion curve i s  d i f f e r e n t i a t e d  
the  r e s u l t  is: 
d 9  - P2s e am exp (- 7) 6 TS 
4KPtm 
A t  t h e  pressure  f ace  x, = 0,  so  
P Zp$ = s e a m  
+ 
a t m  
dP 0.5 -From t h i s ,  - = . The Darcy equat ion is:  
dx cm 
QP, K dP 
= -  P -  
A t  r] dx 
dP atm 
I f  - = 0.5-, A = f ace  a r e a  = 2.23 x lo6 cm2 and = flow ( a t  tm = 360) = 
dx cm t 
f t3 
63 --;- = 3 X 10 4 cm3 then K = 0.32 md. 
mln s e c '  
The Desorption Problem 
Coal i s  known t o  have a system of f i n e  pores c a l l e d  micropores,  which a r e  
approximately 10 A i n  diameter ,  and a l s o  a system of l a r g e r  pores (or  c racks)  
c a l l e d  macropores, which range i n  s i z e  from micropore dimensions up t o  micron 
s i z e .  Most of t h e  methane i n  coa l  i s  adsorbed on the  su r face  of t h e  micro- 
pores.  When coal  i s  mined, t h e  coalbed is  progress ive ly  exposed, and the  gas 
pressure  i n  the  bed f a l l s .  Methane then migrates  from the  micropores i n t o  the  
l a r g e r  pores and cracks t h a t  lead  t o  the  working a r e a  of the  mine. This may 
be viewed a s  a two-step process.  F i r s t ,  methane d i f f u s e s  from the  micropores 
i n t o  the  c racks ,  and second, the methane flows through the  cracks (by laminar 
o r  Darcy flow) to  the  working a rea .  
I f  t h e  d i f f u s i o n  s t e p  i s  assumed t o  be r ap id ,  compared wi th  the  second 
s t e p ,  then the  gas adsorbed i n  t h e  coa l  micropore s t r u c t u r e  w i l l  be i n  equi-  
l i b r ium wi th  the  gas pressure  i n  the  c racks ,  and the  second s t e p  w i l l  be t h e  
r a t e - c o n t r o l l i n g  s tep .  However, i f  the  micropore d i f f u s i o n  c o e f f i c i e n t  i s  
very  small  t h e  f i r s t  s t e p  w i l l  be slower, and the  pressure  gradient  curve and 
the  f ace  emission w i l l  be a f f ec t ed .  Some evidence has been presented t h a t  t h e  
d i f f u s i o n  c o e f f i c i e n t  i s  q u i t e  small ;  t h a t  i s ,  
2 (D = 10-l~ to 10-l3 x) 
s e c  
notably  by P. G. Sevenster  (g), P. Zwietering (E), and F. S. Karn (7) .  
However, the  c o e f f i c i e n t s  given by Sevenster  and Zwietering a r e  based-on a 
BET su r face  a r e a  measurement of powders, no t  on an a r e a  ca l cu la t ed  from the  
p a r t i c l e  diameter.  This  l eads  t o  a  low va lue  f o r  t h e  d i f f u s i o n  c o e f f i c i e n t .  
The d i s k s  used by Karn were t e s t e d  only  i f  they were sound; t h a t  i s ,  t he  
c o e f f i c i e n t  was low due t o  absence of  micracracks. The poin t  i s  t h a t  a  
t y p i c a l  p iece  of coa l  has  microcracks even though these  may not  be immediately 
ev ident .  
I f  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  powders i s  based on a  s u r f a c e  a r e a  c a l -  
c u l a t e d  from the  p a r t i c l e  r ad ius  (which is  much smal le r  than  t h e  BET a r e a ) ,  
t h e  c o e f f i c i e n t  i s  about lo-* cm2 per second (6) .  Bureau of  Mines measure- 
2 - 
ments on d i sks  have g iven  5 x lCT7 cm per second. The e x i s t e n c e  o f  a  b a s i c  
microcrack s t r u c t u r e  has been confirmed by Airey. Although even is n o t  
l a r g e ,  t h e  presence of  a  microcrack s t r u c t u r e  makes t h e  a r e a  through which 
t h e  gas may d i f f u s e  q u i t e  l a rge .  Thus i t  is assumed t h e  desorp t ion  and 
d i f f u s i o n  from t h e  pore s t r u c t u r e  i n t o  the  microcracks is f a s t  enough t o  
ma in t a in  equi l ibr ium,  and t h e  second s t e p  is t h e  r a t e - c o n t r o l l i n g  s t e p .  The 
IDarcy equat ion  i s  then  w r i t t e n  f o r  t h i s  second s t ep .  It should be noted t h a t  
t h e  h igh  va lue  of  0.56 obtained f o r  s o r p t i o n  capac i ty  i n d i c a t e s  t h a t  t h e  
assumption i s  reasonable  i n  t h i s  case.  
1 It appears  t h a t  t h e  d i f f u s i o n  is not  f a s t  enough t o  completely desorb 
lumps i n  an hour i f  t h e  pressure  i s  changed abrupt ly .  Data from Airey (1) 
'and Perkins i n d i c a t e  t h a t  lumps over 114-in s i z e  a r e  approximately 25 pc t  
besorbed i n  an hour ,  and so  t h i s  25 pc t  f a c t o r  is used i n  e s t ima t ing  
sources  1 and 2. 
APPENDIX C.--CALCULATION OF PERMEABILITY 
Because t h e  h igh-permeabi l i ty  crushed zone i s  p re sen t ,  t h e  g rad i en t  
e x a c t l y  a t  t h e  working f a c e  w i l l  n o t  g i v e  a c o r r e c t  value f o r  coalbed perme- 
a b i l i t y .  Rather ,  a hypo the t i ca l  "pressure  face" i s  e s t a b l i s h e d .  This is  t h e  
po in t  i n  t h e  c o a l  seam where, f o r  t h e  purpose of c a l c u l a t i o n ,  t h e  pressure  i s  
assumed t o  be  1 atm. This  po in t  gene ra l l y  i s  about 10 f t  back i n t o  t h e  seam 
f romtheworking  face .  I t  s h o u l d b e n o t e d  t h a t  t h e  d i s t a n c e  i n  appendix B i s  
x - - the  d i s t a n c e  t o  t h e  pressure  f ace ,  n o t  t h e  "working face ."  
P 
The p re s su re  f a c e  i s  ob ta ined  a s  fol lows:  
Two measured pressures  from t h e  mine a r e  s e l e c t e d ,  f o r  example, po in t s  1 
and 2 i n  f i g u r e  4. 
The va lue  f o r  t h e  pressure  f ace  x, i s  such t h a t  
s i n c e  
then ( t d  x f I p o i n t  1 = ( tb  ~ g ) ~ ~ ~ ~ t  2 *  It then can be shown 
where B 
(+) p o i n t  1 
APPENDIX D . - -EXPECTED now FROM HORIZONTAL BOREHOLES 
I f  the  Darcy equation i s  solved f o r  uns teady-s ta te  flow from a we l l  o r  
borehole, the  r e s u l t  i s  (8) 
where Qt i s  a dimensionless t o t a l  production number given by 
Here td = 2.634 x loo4 t 3 K r2 So I f  t = 10 ~ I K ,  r = 7 f t ,  r, = 1.5 i n ,  and 
K - = 0.574, then Q T =  32,000 f t 3  per  day. 
S 
I t  should be noted t h a t  t h i s  equat ion app l i e s  f o r  r a d i a l  drainage only. 
I f  t he  coal  seam is  4 f t  t h i ck ,  drainage i s  no longer r a d i a l  when r exceeds 
2 f t .  Thus these  r e s u l t s  a r e  only very approximate. The a c t u a l  flow f o r  
r = 7 f t  would be l e s s  than the  ca lcu la t ed  flow. This has been observed, 
a s  the  a c t u a l  flow r a t e  was some 10,000 t o  15,000 f t 3  per day. 
